Telomeric DNA consists of repetitive G-rich sequences that terminate with a 3 -ended single stranded overhang (G-tail), which is important for telomere extension by telomerase. Several proteins, including the CST complex, are necessary to maintain telomere structure and length in both yeast and mammals. Emerging evidence indicates that RNA processing factors play critical, yet poorly understood, roles in telomere metabolism. Here, we show that the lack of the RNA processing proteins Xrn1 or Rrp6 partially bypasses the requirement for the CST component Cdc13 in telomere protection by attenuating the activation of the DNA damage checkpoint. Xrn1 is necessary for checkpoint activation upon telomere uncapping because it promotes the generation of single-stranded DNA. Moreover, Xrn1 maintains telomere length by promoting the association of Cdc13 to telomeres independently of ssDNA generation and exerts this function by downregulating the transcript encoding the telomerase inhibitor Rif1. These findings reveal novel roles for RNA processing proteins in the regulation of telomere metabolism with implications for genome stability in eukaryotes.
INTRODUCTION
Nucleoprotein complexes called telomeres are present at the ends of linear eukaryotic chromosomes, where they ensure replication of the chromosome ends and prevent their recognition as DNA double-strand breaks (DSBs) (1, 2) . Telomeric DNA in most eukaryotes consists of tandem arrays of short repeated sequences which are guanine-rich in the strand running 5 -3 from the centromere toward the chromosome end. The G-rich strand at both ends of a chromosome extends over the C-strand to form a 3 -ended single-stranded G-rich overhang (G-tail) (3, 4) . This G-tail is important for telomere replication, because it provides a substrate for the telomerase enzyme. Telomerase is a ribonucleoprotein complex that uses its RNA component as a template to elongate the telomere by addition of G-rich telomeric repeats to the G-tail (1, 5) . The telomerase-extended single-stranded DNA (ssDNA) must then be copied by the conventional replication machinery to reconstitute the double-stranded telomeric DNA.
In Saccharomyces cerevisiae, single-stranded G-rich tails of 5-10 nt in length are present at telomeres throughout most of the cell cycle except in late S phase, when longer overhangs are detected (4, 6, 7) . Removal of the last RNA primers that are generated by lagging-strand synthesis appears to match the observed overhang length (8) . By contrast, the telomeric C-strands generated by leading-strand synthesis are resected by about 30-40 nt before being filled in again to leave DNA ends with a 3 overhang of about 10 nt (8, 9) . This resection depends on the MRX (Mre11-Rad50-Xrs2) complex, on the exonuclease Exo1 and on the Sgs1-Dna2 helicase-nuclease complex (10) (11) (12) .
G-tails at both leading-and lagging-strand telomeres are covered by the CST (Cdc13-Stn1-Ten1) complex, which is an RPA-like complex that binds with high affinity and sequence specificity to the telomeric ssDNA overhangs (13) . The CST complex drives the localization of telomerase to telomeres through a direct interaction between Cdc13 and the telomerase subunit Est1 (14) (15) (16) (17) . MRX, in turn, ensures robust association of telomerase with telomeres by promoting the binding of the checkpoint kinase Tel1 via a specific interaction with the MRX subunit Xrs2 (18) (19) (20) (21) (22) . It remains unclear whether Tel1 facilitates telomerase association directly by phosphorylating specific targets that promote telomerase recruitment, and/or indirectly by stimulating resection of the C-strand, thus generating a ssDNA substrate for telomerase action (23) (24) (25) . Interestingly, Mre11 inactivation strongly reduces the binding to telomeres of the telomerase subunits Est1 and Est2, while it has a moderate effect on Cdc13 binding (26) . Further work has shown that the absence of Mre11 reduces Cdc13 binding only to the leading-strand telomere, while Cdc13 ability to bind to the lagging-strand telomere is not affected (9) . This observation is consistent with the finding that Mre11 binds only to leading telomeres to generate the single-stranded overhangs (9) .
In addition to drive telomerase localization to telomeres, the CST complex also genetically and physically interacts with the DNA polymerase ␣/primase complex and promotes lagging strand synthesis during telomere replication (27, 28) . Furthermore, it prevents inappropriate generation of ssDNA at telomeric ends. Cdc13 inactivation through either the cdc13-1 temperature sensitive allele or the cdc13-td conditional degron allele results in both degradation of the 5 -terminated DNA strand and checkpoint-mediated cell cycle arrest (29) (30) (31) . Similarly, temperature sensitive alleles of either the STN1 or TEN1 gene cause telomere degradation and checkpoint-dependent cell cycle arrest at the nonpermissive temperature (32) (33) (34) (35) . DNA degradation in the cdc13-1 mutant depends mainly on the 5 -3 nuclease Exo1 (36, 37) , suggesting that CST protects telomeric DNA from Exo1 activity.
There is emerging evidence that telomere metabolism is influenced by RNA processing pathways. In eukaryotes, RNA processing relies on two highly conserved pathways involving both 5 -3 and 3 -5 exoribonuclease activities (38) . In particular, 5 -3 degradation is performed by the Xrn protein family, which comprises the cytoplasmic Xrn1 enzyme and the nuclear Rat1 enzyme (also known as Xrn2) (39) . The 3 -5 RNA processing activity is due to the exoribonuclease Rrp6 that belongs to the nuclear exosome (40) . In addition, RNA molecules are subjected to a quality control system, which is called nonsense-mediated mRNA decay (NMD) and degrades non-functional RNAs that might otherwise give rise to defective protein products (38) .
RNA processing proteins have been recently implicated in telomere metabolism in both yeast and mammals, although the related mechanisms are poorly understood. In particular, Xrn1 has been identified in genome-wide screenings for S. cerevisiae mutants with altered telomere length (41, 42) . Moreover, proteins belonging to the mammalian NMD pathway have been found to bind telomeres and to control telomere length (43, 44) . Similarly, the lack of the S. cerevisiae NMD proteins was shown to cause telomere shortening by increasing the amount of Stn1 and Ten1, which in turn inhibit telomerase activity by interfering with Est1-Cdc13 interaction (45) (46) (47) (48) . Furthermore, both Xrn1 and the nuclear exosome control degradation of the RNA component of human telomerase (49) . Finally, Rat1 and the NMD pathway control the level of a new class of noncoding RNAs called TERRA (telomeric repeat-containing RNA), which are transcribed from the subtelomeric sequences and likely regulate telomere length (50) (51) (52) .
Here we show that the lack of the S. cerevisiae RNA processing factors Xrn1 or Rrp6 suppresses the temperature sensitivity of cdc13-1 mutant cells by attenuating the activation of the DNA damage checkpoint response. In particular, Xrn1 is required to activate the checkpoint upon telomere uncapping because it promotes the generation of ssDNA. Furthermore, Xrn1 maintains telomere length independently of ssDNA generation by promoting Cdc13 association to telomeres through downregulation of the transcript encoding the telomerase inhibitor Rif1.
MATERIALS AND METHODS

Strains and plasmids
Strain genotypes are listed in Supplementary Table S1 
Southern blot analysis of telomere length
The length of HO (Homothallic)-induced telomeres was determined as previously described (53) . Briefly, yeast DNA was digested with SpeI and the resulting DNA fragments were separated by 0.8% agarose gel electrophoresis and hybridized with a 32 P-labeled probe corresponding to a 500 bp ADE2 fragment. To determine the length of native telomeres, XhoI-digested yeast DNA was subjected to 0.8% agarose gel electrophoresis and hybridized with a 32 Plabeled poly(GT) probe. Standard hybridization conditions were used.
ChIP and qPCR
ChIP analysis was performed as previously described (54) . Quantification of immunoprecipitated DNA was achieved by quantitative real-time PCR (qPCR) on a Bio-Rad MiniOpticon apparatus. Triplicate samples in 20 l reaction mixture containing 10 ng of template DNA, 300 nM for each primer, 2× SsoFast™ EvaGreen ® supermix (Bio-rad #1725201) were run in white 48-well PCR plates Multiplate™ (Bio-Rad #MLL4851). The qPCR program was as follows: step 1, 98
• C for 2 min; step 2, 98
• C for 5 s; step 3, 60
• C for 10 s; step 4, return to step 2 and repeat 30 times. At the end of the cycling program, a melting program (from 65 to 95
• C with a 0.5 • C increment every 5 s) was run to test the specificity of each qPCR. qPCR at the HO-induced telomere was carried out by using primer pairs located at 640 bp centromere-proximal to the HO cutting site at chromosome VII and at the non-telomeric ARO1 fragment of chromosome IV (CON). qPCR at native telomeres was carried out by using primer pairs located at 70 and 139 bp from the TG sequences on telomeres VI-R (right) and XV-L (left), respectively. Data are expressed as fold enrichment over the amount of CON in the immunoprecipitates after normalization to input signals for each primer set.
qRT-PCR
Total RNA was extracted from cells using the Bio-Rad Aurum total RNA mini kit. First strand cDNA synthesis was performed with the Bio-Rad iScript™ cDNA Synthesis Kit. qRT-PCR was performed on a MiniOpticon Real-time PCR system (Bio-Rad) and RNA levels were quantified using the Ct method. Quantities were normalized to ACT1 RNA levels and compared to that of wild-type cells that was set up to 1. Primer sequences are available upon request.
Fluorescence microscopy
Yeast cells were grown and processed for fluorescence microscopy as described previously (55) . Fluorophores were cyan fluorescent protein (CFP, clone W7) (56) and yellow fluorescent protein (YFP, clone 10C) (57) . Fluorophores were visualized on a Deltavision Elite microscope (Applied Precision, Inc) equipped with a 100× objective lens (Olympus U-PLAN S-APO, NA 1.4), a cooled Evolve 512 EM-CCD camera (Photometrics, Japan) and an Insight solid state illumination source (Applied Precision, Inc). Pictures were processed with Volocity software (PerkinElmer). Images were acquired using softWoRx (Applied Precision, Inc) software.
Other techniques
Visualization of the single-stranded overhangs at native telomeres was done as previously described (6) . The same gel was denatured and hybridized with the end-labeled Crich oligonucleotide for loading control. Protein extracts to detect Rad53 were prepared by trichloroacetic acid (TCA) precipitation. Rad53 was detected using anti-Rad53 polyclonal antibodies from Abcam. Secondary antibodies were purchased from Amersham and proteins were visualized by an enhanced chemiluminescence system according to the manufacturer.
RESULTS
The lack of Xrn1 or Rrp6 partially suppresses the temperature sensitivity of cdc13-1 cells Protection of telomeres from degradation depends on the CST (Cdc13-Stn1-Ten1) complex, which specifically binds to the telomeric ssDNA overhangs (13) . We have previously shown that the RNA processing proteins Xrn1 and Rrp6 are required to fully activate the checkpoint kinase Mec1/ATR at intrachromosomal DSBs (58) . We then asked whether Xrn1 and/or Rrp6 regulate checkpoint activation also in response to telomere uncapping. To this end, we analyzed the effect of deleting either the XRN1 or the RRP6 gene in cdc13-1 cells, which show temperature-dependent loss of telomere capping, ssDNA production, checkpoint activation and cell death (29, 30) . As expected, cdc13-1 cells were viable at permissive temperature (25 • C), but died at restrictive temperature (26) (27) (28) (29) (30) • C) ( Figure 1A ). Deletion of either XRN1 or RRP6 partially suppressed the temperature sensitivity of cdc13-1 cells, as it allowed cdc13-1 cells to form colonies at [26] [27] [28] • C ( Figure 1A ). Xrn1 and Rrp6 appear to impair cell viability of cdc13-1 cells by acting in two different pathways, as xrn1Δ rrp6Δ cdc13-1 triple mutant cells formed colonies at 30
• C more efficiently than both xrn1Δ cdc13-1 and xrn1Δ cdc13-1 double mutant cells ( Figure 1B ).
Xrn1 and Rrp6 control RNA degradation by acting as 5 -3 and 3 -5 exoribonucleases, respectively (38) . The xrn1-E176G and rrp6-D238A alleles, encoding nuclease-defective Xrn1 or Rrp6 variants (59, 60) , suppressed the temperature sensitivity of cdc13-1 cells to an extent similar to that of xrn1Δ and rrp6Δ, respectively ( Figure 1C ). Therefore, Xrn1 and Rrp6 appear to impair viability in the presence of uncapped telomeres by acting as nucleases.
Xrn1 controls cytoplasmic RNA decay, whereas RNA processing in the nucleus depends on its nuclear paralog Rat1 (61) . Targeting Rat1 to the cytoplasm by deleting its nuclear localization sequence (rat1-ΔNLS) restores Xrn1-like function in RNA degradation (61) , prompting us to ask whether it could restore Xrn1 function in causing loss of viability of cdc13-1 cells. Strikingly, cdc13-1 xrn1Δ cells expressing the rat1-ΔNLS allele on a centromeric plasmid formed colonies at 27
• C much less efficiently than cdc13-1 xrn1Δ cells expressing wild type RAT1 ( Figure 1D ). Thus, Xrn1 impairs viability in the presence of uncapped telomeres by controlling a cytoplasmic RNA decay pathway.
Xrn1 and Rrp6 are required to fully activate the checkpoint at uncapped telomeres
A checkpoint-dependent arrest of the metaphase to anaphase transition is observed in cdc13-1 cells at high temperatures (29) . Failure to turn on the checkpoint allows cdc13-1 cells to form colonies at 28
• C (30), indicating that checkpoint activation can partially account for the loss of viability of cdc13-1 cells. We therefore asked whether the enhanced temperature resistance of cdc13-1 xrn1Δ and cdc13-1 rrp6Δ cells might be related to defective checkpoint activation. Cell cultures were arrested in G1 with ␣-factor at 23
• C and then released from G1 arrest at 28 • C, followed by monitoring nuclear division at different time points. As expected, cdc13-1 cells remained arrested as large budded cells with a single nucleus throughout the experiment (Figure 2A) . Conversely, although xrn1Δ and rrp6Δ single mutant cells slowed down nuclear division compared to wild type cells, cdc13-1 xrn1Δ and cdc13-1 rrp6Δ cells started to divide nuclei about 90 min after release (Figure 2A) .
We then examined under the same conditions phosphorylation of the Rad53 checkpoint kinase that is necessary for checkpoint activation and can be detected as changes in Rad53 electrophoretic mobility. After release at 28
• C from G1 arrest, Rad53 phosphorylation was strong in cdc13-1 cells, as expected, whereas it was undetectable in cdc13-1 xrn1Δ cells and it was reduced in cdc13-1 rrp6Δ cells (Figure 2B) . Taken together, these results indicate that Xrn1 and Rrp6 are required to fully activate the checkpoint in response to telomere uncapping caused by defective Cdc13.
Xrn1 and Rrp6 regulate telomere capping through a mechanism that is distinct from that involving the NMD pathway
In both yeast and mammals, the NMD pathway is involved in quality control of gene expression by eliminating aberrant RNAs (62) . Interestingly, NMD inactivation was shown to suppress the temperature sensitivity of cdc13-1 cells by increasing the levels of the Cdc13 interacting proteins Stn1 and Ten1, which likely stabilize the CST complex at telomeres (46, 47, 63) . These high levels of Stn1 and Ten1 are also responsible for the short telomere length phenotype of nmdΔ mutants, possibly because Stn1 and Ten1 inhibit telomerase activity by interfering with Est1-Cdc13 interaction (16, 34, 64, 65) .
As 77% of the transcripts that are upregulated in nmdΔ cells are upregulated also in xrn1Δ cells (66), we asked whether Xrn1 and/or Rrp6 action at telomeres might involve the same pathway that is regulated by NMD. To this purpose, we constructed fully functional Ten1-Myc and Stn1-HA alleles to analyze the levels of Ten1 and Stn1 in xrn1Δ and rrp6Δ cells. As expected, the amounts of Ten1-Myc and Stn1-HA were greatly increased in cells lacking the NMD protein Upf2 (Figure 2C and D) . By contrast, the lack of Xrn1 or Rrp6 did not change the amount of Ten1-Myc ( Figure 2C ) and only very slightly increased the amount of Stn1-HA ( Figure 2D ). Furthermore, Xrn1 and Rrp6 do not compensate for the absence of each other in controlling Ten1 and Stn1 levels, as the amount of Ten1-Myc ( Figure 2E ) and Stn1-HA ( Figure 2F ) in xrn1Δ rrp6Δ double mutant cells was similar to that in xrn1Δ and rrp6Δ single mutant cells.
The presence of the Myc or HA tag at the C-terminus of Ten1 and Stn1, respectively, did not affect the possible regulation of the corresponding mRNAs by Xrn1 or Rrp6, as the suppression of the temperature sensitivity of cdc13-1 cells by XRN1 or RRP6 deletion was similar either in the presence or in the absence of the TEN1-MYC or STN1-HA allele (Supplementary Figure S1) .
We also analyzed the epistatic relationships between Xrn1/Rrp6 and NMD. The effect of deleting UPF2 in xrn1Δ cdc13-1 cells could not be assessed due to the poor viability of the triple mutant at 23-25
• C. Nonetheless, deletion of UPF2, which partially suppressed the temperature sensitivity of cdc13-1 cells, further improved the temperature resistance of cdc13-1 rrp6Δ double mutant cells at 32
• C compared to both cdc13-1 rrp6Δ and cdc13-1 upf2Δ cells ( Figure 2G ). Altogether, these data suggest that Xrn1 and Rrp6 impair survival of cdc13-1 by acting in a pathway that is different from that involving the NMD proteins.
Xrn1 is required to generate ssDNA at uncapped telomeres
It is known that cell death of cdc13-1 cells at restrictive temperatures is due to generation of telomeric ssDNA that triggers checkpoint-mediated metaphase arrest (29, 30) . Hence, the improved temperature resistance of cdc13-1 xrn1Δ and cdc13-1 rrp6Δ cells might be due to a reduction of the amount of telomeric DNA that becomes single-stranded in cdc13-1 cells at restrictive temperatures. We therefore assessed the presence of ssDNA at natural chromosome ends by analyzing genomic DNA prepared from exponentially growing cells. Non-denaturing in-gel hybridization with a C-rich radiolabeled oligonucleotide showed that the amount of telomeric ssDNA after incubation of cells at 28
• C for 5 h was lower in cdc13-1 xrn1Δ double mutant cells than in cdc13-1 cells ( Figure 3A ). By contrast, the level of single-stranded TG sequences showed a very similar increase in both cdc13-1 and cdc13-1 rrp6Δ mutant cells compared to wild type cells ( Figure 3A) .
The function of Cdc13 in telomere protection is mediated by its direct interaction with Stn1 and Ten1. In contrast to Cdc13, Stn1 inhibits telomerase action by competing with Est1 for binding to Cdc13 (64, 65) . As a consequence, cells lacking the Stn1 C-terminus (stn1-ΔC) display long telomeres because the Stn1-ΔC variant fails to compete with Est1 for binding to Cdc13. Furthermore, these same cells accumulate telomeric ssDNA, although the amount of this ss-DNA is not enough to impair cell viability (34, 64, 67) . We therefore evaluated the specificity of the genetic interactions between Cdc13, Xrn1 and Rrp6 by analyzing the consequences of deleting XRN1 or RRP6 in stn1-ΔC cells. Like in cdc13-1 cells, generation of telomeric ssDNA in stn1-ΔC cells was reduced by the lack of Xrn1, but not by RRP6 deletion ( Figure 3B ). Thus, Xrn1 is required to generate ss-DNA at dysfunctional telomeres, whereas Rrp6 does not, implying that the defective checkpoint response in cdc13-1 rrp6Δ cells cannot be ascribed to a reduced generation of telomeric ssDNA.
The data above suggest that the lack of Xrn1 might suppress the temperature sensitivity of cdc13-1 cells by attenuating the generation of telomeric ssDNA. We then asked whether the overexpression of Exo1, which bypasses MRX requirement for intrachromosomal DSB end resection (68) , decreased the maximum permissive temperature of cdc13-1 xrn1Δ cells. Strikingly, cdc13-1 xrn1Δ cells containing the EXO1 gene on a 2 plasmid were more temperaturesensitive than cdc13-1 xrn1Δ cells containing the empty vector ( Figure 3C ). This finding supports the hypothesis that the lack of Xrn1 can partially bypass the requirement for CST in telomere capping because it attenuates the generation of telomeric ssDNA.
Xrn1 maintains telomere length by acting as a cytoplasmic nuclease
Xrn1 has been identified in genome-wide screenings for S. cerevisiae mutants that are affected in telomere length (41, 42) . We confirmed the requirement for Xrn1 in telomere elongation by using an inducible short telomere assay that allows the generation of a single short telomere without affecting the length of the other telomeres in the same cell (10) . We used a strain that carried at the ADH4 locus on chromosome VII an internal tract of telomeric DNA sequence (81 bp TG) adjacent to an HO endonuclease recognition sequence ( Figure 4A) (10, 69) . Upon cleavage by HO, the fragment distal to the break is lost, and, over time, the TG side of the break is elongated by the telomerase. As shown in Figure 4B , sequence addition at the HO-derived telomere was clearly detectable after galactose addition in Figure 3 . The lack of Xrn1 reduces ssDNA generation at uncapped telomeres. (A and B) Cell cultures exponentially growing at 23 • C were shifted to 28 • C for 5 h. Genomic DNA was digested with XhoI, and single-stranded G-tails were visualized by non-denaturing in-gel hybridization (native gel) using an end-labeled C-rich oligonucleotide as a probe. The gel was denatured and hybridized again with the same probe for loading control (denatured gel). (C) Cell cultures were grown overnight and 10-fold serial dilutions were spotted onto YEPD plates. Plates were incubated at the indicated temperatures before images were taken.
wild type cells, whereas it was strongly delayed and reduced in xrn1Δ cells, confirming the requirement for Xrn1 in telomere elongation.
Xrn1 controls telomere length by acting as cytoplasmic nuclease. In fact, expression of the Xrn1 nuclear paralog Rat1 lacking its nuclear localization sequence (rat1-ΔNLS) restored telomere length in xrn1Δ cells ( Figure 4C ). Furthermore, telomeres in xrn1-E176G cells expressing the nuclease defective Xrn1 variant were as short as in xrn1Δ cells ( Figure 4D) .
In a deep transcriptome analysis of the genes that are misregulated by the lack of Xrn1, xrn1Δ cells showed ∼3-fold reduction of the levels of TLC1 (58), the RNA component of the telomerase enzyme. However, a 2 plasmid overexpressing TLC1 from a galactose inducible promoter did not allow xrn1Δ cells to elongate telomeres (Supplementary Figure S2A ), although wild-type and xrn1Δ cells expressed similar amount of TLC1 RNA (Supplementary Figure S2B) . Thus, telomere shortening in xrn1Δ cells cannot be simply explained by the reduction of TLC1 RNA.
Xrn1 promotes Cdc13 association to telomeres independently of ssDNA generation
Productive association of telomerase to telomeres requires the generation of ssDNA that leads to the recruitment of Cdc13. Cdc13 in turn recruits the telomerase to telomeres by interacting with the telomerase subunit Est1 (14) (15) (16) (17) . Binding of MRX to telomeres allows Tel1 recruitment that strengthens the association of telomerase to telomeres by phosphorylating unknown targets (23) (24) (25) . The finding that telomere shortening in mrxΔ and tel1Δ cells can be suppressed by targeting the telomerase to telomeres through a Cdc13-Est1 protein fusion (70) suggests that MRX/Tel1 promotes Cdc13-Est1 interaction rather than Cdc13 association to telomeres. As Xrn1 was found to promote MRX association at intrachromosomal DSBs (58), we asked whether the expression of a Cdc13-Est1 fusion could restore telomere length in xrn1Δ cells. A Cdc13-Est1 fusion expressed from a singlecopy plasmid did not suppress the telomere length defect of xrn1Δ cells, although it was capable to elongate telomeres in wild type, mre11Δ and tel1Δ cells ( Figure 4E ) and all cell cultures expressed similar levels of CDC13-EST1 mRNA ( Figure 4F ). This finding suggests that the telomere length defect of xrn1Δ cells is not due to MRX dysfunction.
The inability of the Cdc13-Est1 fusion protein to suppress the telomere length defect of xrn1Δ cells raises the possibility that Cdc13 itself cannot bind telomeres in the absence of Xrn1. As loss of telomerase is known to be accompanied by recruitment of Cdc13 and Mre11 to telomeres (71), we analyzed the generation of Cdc13 and Mre11 foci before or after loss of telomerase in wild-type and xrn1Δ cells. These cells expressed fully functional Cdc13-CFP and Mre11-YFP fusion proteins. As expected, telomerase removal by loss of a plasmid-borne copy of EST2 resulted in a significant increase of both Mre11-YFP and Cdc13-CFP foci in wild-type cells as early as 25-50 generations after loss of telomerase, with only a subset of them colocalizing ( Figure 5A-C) . By contrast, xrn1Δ cells showed a reduction in the number of Cdc13-CFP foci ( Figure 5A and B) , but not of Mre11-YFP foci ( Figure 5A and C), compared to wild-type, suggesting a requirement for Xrn1 in promoting Cdc13 association to telomeres.
To investigate further this hypothesis, we analyzed the amount of Cdc13 bound at native telomeres in wild-type and xrn1Δ cells that were released into a synchronous cell cycle from a G1 arrest ( Figure 6A ). Cdc13 binding to telomeres peaked in wild type cells 45 min after release, concomitantly with the completion of DNA replication, while it remained very low in xrn1Δ cells throughout the time course ( Figure 6A and B) , although both cell type extracts contained similar amount of Cdc13 ( Figure 6C ).
Because Cdc13 binds telomeric ssDNA and the lack of Xrn1 impairs ssDNA generation at uncapped telomeres, the reduced Cdc13 association at telomeres in xrn1Δ cells might be due to defective generation of telomeric single-stranded overhangs. To investigate this issue, XhoI-cut DNA prepared at different time points after release into the cell cycle from a G1 arrest was subjected to native gel electrophoresis, followed by in-gel hybridization with a C-rich radiolabeled oligonucleotide. As shown in Figure 6D , both wild type and xrn1Δ cells showed similar amount of G-tail signals that reached their maximal levels 15-45 min after release, indicating that the lack of Xrn1 does not affect the generation of single-stranded overhangs at capped telomeres.
As generation of telomeric single-stranded overhangs requires the MRX complex (10-12,72), we also analyzed Mre11 association at native telomeres. Wild-type and xrn1Δ cells released into a synchronous cell cycle from a G1 arrest showed similar amount of telomere-bound Mre11 ( Figure 6E) , consistent with the finding that the lack of Xrn1 does not affect the generation of telomeric singlestranded overhangs. Altogether, these data indicate that Xrn1 promotes Cdc13 binding/association to telomeres independently of ssDNA generation.
Xrn1 promotes Cdc13 association at telomeres by downregulating Rif1 level
Deep transcriptome analysis showed that the RIF1 mRNA level was ∼3-fold higher in xrn1Δ cells than in wild-type (58) . This mRNA upregulation caused an increase of the Rif1 protein level, as shown by western blot analysis of wild type and xrn1Δ protein extracts (Figure 7A ), prompting us to test whether this Rif1 upregulation can account for the telomere defects of xrn1Δ cells.
As expected from previous findings that Rif1 has a very slight effect on the generation of telomeric ssDNA (73, 74) , the increased Rif1 levels did not account for the increased temperature resistance of cdc13-1 xrn1Δ cells compared to cdc13-1. In fact, although RIF1 deletion decreased the maximum permissive temperature of cdc13-1 cells (75,76) , cdc13-1 rif1Δ xrn1Δ cells were more temperature-resistant than cdc13-1 rif1Δ cells (Figure 7B ), indicating that the suppression of the temperature sensitivity of cdc13-1 cells by XRN1 deletion does not require Rif1.
Rif1 was originally identified as a telomere-binding protein that negatively regulates telomerase-mediated telomere elongation (77) . Interestingly, the lack of Rif1, although causing a very slight increase of ssDNA formation, yet leads to considerably more Cdc13 binding at telomeres (74) . Therefore, Rif1 might block the association/accumulation of Cdc13 at telomeres through a direct mechanism. Consistent with this hypothesis, a 2 plasmid carrying the RIF1 gene counteracted the ability of the Cdc13-Est1 fusion to elongate telomeres in wild-type cells ( Figure 7C ). Thus, we investigated whether the upregulation of Rif1 in xrn1Δ cells could explain both the reduced Cdc13 binding and the telomere length defect of the same cells. As shown in Figure  7D , deletion of RIF1 totally suppressed the telomere length defect of xrn1Δ cells. Telomere length in rif1Δ xrn1Δ cells was the same as in rif1Δ cells ( Figure 7D ), suggesting that Xrn1 acts in telomere length maintenance by counteracting the effects of Rif1.
As telomeres were much longer in xrn1Δ rif1Δ cells than in xrn1Δ cells, we could not compare the above cell types for Cdc13 association at native telomeres. Thus, we used the strain with the 81 bp TG repeat sequence adjacent to the HO endonuclease cut site ( Figure 4A ) (10), where HO induction generates an HO-derived telomere whose length is similar in both xrn1Δ and xrn1Δ rif1Δ cells. As expected (74) , ChIP analysis revealed that the amount of Cdc13 associated to the HO-induced telomere was higher in rif1Δ cells than in wild-type ( Figure 7E) . Furthermore, although all cell type extracts contained similar amounts of Cdc13 (Figure 7F ), the lack of Rif1 restored Cdc13 association to telomeres in xrn1Δ cells. In fact, the amount of Cdc13 bound at the HOinduced telomere in xrn1Δ rif1Δ cells was higher than in xrn1Δ cells ( Figure 7E ). Altogether, these findings indicate that Xrn1 promotes Cdc13 association to telomeres by controlling Rif1 levels.
DISCUSSION
Here we provide evidence that the RNA processing proteins Xrn1 and Rrp6 are involved in telomere metabolism. In particular, we found that the temperature sensitivity of cdc13-1 mutant cells is partially suppressed by the lack of Rrp6 or Xrn1, as well as by Rrp6 or Xrn1 nuclease defective variants, independently of the NMD proteins. The increased temperature resistance of cdc13-1 xrn1Δ and cdc13-1 rrp6Δ cells is related to their inability to activate the checkpoint.
Checkpoint activation in cdc13-1 cells is due to the accumulation at telomeres of ssDNA that turns on the checkpoint kinase Mec1. Our data indicate that the defective checkpoint response in cdc13-1 rrp6Δ double mutant cells cannot be ascribed to reduced ssDNA generation. Interestingly, Rrp6 was shown to promote the association of RPA (58) and Rad51 (78) at intrachromosomal DSBs in yeast and mammals, respectively, by an unknown mechanism. Thus, one possibility is that Rrp6 modulates directly or indirectly the association to telomeric ssDNA of protein(s) required for checkpoint activation. By contrast and consistent with the finding that Xrn1 and Rrp6 impairs viability of cdc13-1 cells by acting in two distinct pathways, the lack of Xrn1 reduces the generation of telomeric ssDNA upon telomere uncapping. This observation, together with the finding that EXO1 overexpression decreases the maximum permissive temperature of cdc13-1 xrn1Δ cells, indicates that Xrn1 participates in checkpoint activation in response to telomere uncapping by promoting the generation of telomeric ssDNA. Interestingly, Xrn1 contributes to generate ssDNA also at intrachromosomal DSBs that are subjected to extensive resection and stimulates Mec1-dependent checkpoint activation, similarly to telomeres following Cdc13 inactivation (29, 30, 58) . By contrast, Xrn1 does not contribute to the generation of singlestranded overhangs at capped telomeres, suggesting a role for Xrn1 in promoting resection specifically at DNA ends that elicit a DNA damage response. Because Xrn1 acts in resection as a cytoplasmic nuclease, one possibility is that the lack of Xrn1 increases the persistence of non-coding RNAs that can inhibit the action of nucleases by annealing with the ssDNA molecules that are generated following telomere uncapping. However, overproduction of the Ribonuclease H1 (Rnh1), which decreases endogenous RNA:DNA hybrids in vivo as well as TERRA levels and R loops at telomeres (79-82), did not restore the temperature sensitivity in cdc13-1 xrn1Δ cells (Supplementary Figure S3) . A previous deep transcriptome analysis has revealed that the amounts of the majority of mRNAs coding for DNA damage response proteins remained unchanged in xrn1Δ cells and the few genes that were misregulated are not obvious candidates (58) . Therefore, further work will be required to identify the target(s) by which Xrn1 promotes ssDNA generation and checkpoint activation at uncapped telomeres.
We also show that Xrn1 acts as a cytoplasmic nuclease to maintain telomere length. Strikingly, the lack of Xrn1 dramatically reduces Cdc13 association to telomeres. This defective Cdc13 recruitment is not due to reduced ssDNA generation, as the lack of Xrn1 does not impair ssDNA generation at capped telomeres. On the other hand, the lack of Xrn1 causes upregulation of the RIF1 mRNA and subsequent increase of the Rif1 protein level. Rif1 was shown to decrease Cdc13 association at telomeres independently of ssDNA generation (74) , suggesting that the high Rif1 levels in xrn1Δ cells might explain the reduced Cdc13 binding and the telomere length defect of the same cells. Consistent with this hypothesis, we found that the lack of Rif1 completely suppresses the telomere length defect and restores Cdc13 association at telomeres in xrn1Δ cells. Altogether, these findings indicate that Xrn1 promotes Cdc13 association to telomeres and telomere elongation independently of ssDNA generation by controlling the amount of Rif1. By contrast, Rif1 is not the Xrn1 target in promoting ssDNA generation and checkpoint activation at uncapped telomeres, as the lack of Xrn1 still suppresses the temperature sensitivity of cdc13-1 rif1Δ cells.
In conclusion, Xrn1 appears to have two separate functions at telomeres: (i) it facilitates the generation of ss-DNA and checkpoint activation at uncapped telomeres; (ii) it maintains telomere length independently of ssDNA generation by downregulating the amount of Rif1, which in turn counteracts Cdc13 association to telomeres. As RNAprocessing factors are evolutionarily conserved and telomere protection is critical for preserving genetic stability and counteracting cancer development, our findings highlight novel mechanisms through which RNA processing proteins can preserve genome integrity.
